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Free energyHydrophobic mismatch arises from a difference in the hydrophobic thickness of a lipid membrane and a trans-
membrane protein segment, and is thought to play an important role in the folding, stability and function ofmem-
brane proteins. We have investigated the possible adaptations that lipid bilayers and transmembrane α-helices
undergo in response to mismatch, using fully-atomistic molecular dynamics simulations totaling 1.4 μs. We
have created 25 different tryptophan-alanine-leucine transmembrane α-helical peptide systems, each composed
of a hydrophobic alanine–leucine stretch, ﬂanked by 1–4 tryptophan side chains, as well as the β-helical peptide
dimer, gramicidin A. Membrane responses to mismatch include changes in local bilayer thickness and lipid order,
varying systematically with peptide length. Adding more ﬂanking tryptophan side chains led to an increase in
bilayer thinning for negatively mismatched peptides, though it was also associated with a spreading of the bilayer
interface. Peptide tilting, bending and stretching were systematic, with tilting dominating the responses, with
values of up to ~45° for themost positivelymismatched peptides. Peptide responsesweremodulated by the num-
ber of tryptophan side chains due to their anchoring roles and distributions around the helices. Potential of mean
force calculations for local membrane thickness changes, helix tilting, bending and stretching revealed that mem-
brane deformation is the least energetically costly of all mismatch responses, except for positively mismatched
peptideswhere helix tilting also contributes substantially. This comparison of energetic driving forces ofmismatch
responses allows for deeper insight into protein stability and conformational changes in lipid membranes.
Published by Elsevier B.V.1. Introduction
Comprising nearly a third of the human genome [1], membrane pro-
teins are a major component of biological membranes and perform a
variety of essential cellular functions, making them chief drug targets
[2–4]. Membrane proteins function as enzymes [5–7], receptors [8–10]
and transport proteins that catalyze the transport of ions [6,7,11,12]
and other small molecules (e.g. [13,14]) for cellular communication
[15]. Atomic-level molecular dynamics (MD) simulations can provide
fundamental descriptions of the interplay between proteins and their
host membranes that governs structure and function, enabling future
developments of novel pharmacological and therapeutic agents.
Hydrophobic mismatch is known to be an important factor control-
ling membrane protein insertion and folding [16], protein activity [17]
and aggregation [18]. Protein transmembrane (TM) segments attempt
to match their hydrophobic segments to the host lipid membrane to
avoid signiﬁcant energy costs of dehydrating polar or hydrating nonpo-
lar moieties of the protein or lipids. When a mismatch in hydrophobic
lengths exists, whether positive (peptide longer than the bilayer) or
negative (peptide shorter than the bilayer), the membrane and peptidend Health Innovations Research
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cdavis.edu (T.W. Allen).
.V.will undergo structural changes [19], including peptide tilting, bending
or stretching (as well as conformational and secondary structural
changes) and membrane deformations. Here we explore the extents,
origins and relative importance of each possible adjustment to the
structure and stability of the protein segment.
TM peptides, characterized by having helical structures composed
of hydrophobic residues, have been designed to study hydrophobic
mismatch experimentally [19–21]. These peptides are usually com-
posed of a poly-leucine (Leu) stretch [22], or pairs of alternating Leu
and alanine (Ala) residues [23], and are ﬂanked at each end by one or
more aromatic or charged residues, thought to anchor the peptide across
the lipid membrane [22–24]. One of the most frequently used models
[24] includes two tryptophan (Trp) side chains at each end of the hydro-
phobic stretch, inspired by the small Trp-ﬂanked ion channel, gramicidin
A (gA), and an abundance of aromatic-ﬂanked TM segments in mem-
brane proteins [25–27]. These α-helical, Trp-ﬂanked, poly-Ala-Leu pep-
tides, or WALPs, with the general sequence GWW(LA)nLWWA, have
been used here to systematically explore the effects of hydrophobic
mismatch on the TM segment and the surrounding bilayer.
Responses of the surrounding lipid bilayer include the thickening or
thinning of the bilayer accompanied by an increase or decrease in the
acyl chain order, respectively [19]. 2H NMR measurements of acyl chain
ordering of perdeuterated phosphatidylcholines (PC) point to increases
and decreases in mean bilayer thickness (ranging from −0.4 to 1.4 Å)
as a response to positive and negative mismatches, respectively [28].
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and di-C14-PC bilayers, on the other hand, do not show any effect on the
bilayer thickness [29]. However, themeanbilayer thickness does not fully
reﬂect the effect of mismatch on the lipids immediately adjacent to the
peptide, with persistence lengths for the perturbation suggested to be
as small as just a single shell of lipids [30]. Interestingly, the same studies
have revealed that the β-helical gA peptide can affect themean thickness
of PC bilayers (e.g. by nearly 3 Å in dimyristoylphosphatidylcholine), and
has been shown to clamp the bilayer thickness in bilayers of varying hy-
dration [31]. The authors ascribed this difference to the increased size
of the inclusion, compared to the lipid-sized membrane spanning
α-helix (~10 Å diameter), leading to a marked difference in lipid pack-
ing, as has also been suggested based on coarse-grained simulations of
membrane-spanning nanotubes [30]. However, gA possesses double
the number of Trp side chains compared to the WALP peptides and this
could also have a perturbative effect on the host membrane. In this
study we explore the role of the number and distribution of anchoring
Trp side chains in modulating mismatch response. In the accompanying
study [32], we investigate the role of Trp in controlling mismatch phe-
nomena in greater detail by producing quantitative analysis of the ener-
getics associated with Trp–membrane interactions.
The peptides themselves respond by tilting, bending and stretching,
or undergo structural isomerizations of ﬂanking side chains. In extreme
cases the peptides may experience changes in secondary structure
(though Fourier transform infrared spectroscopy (FTIR) has suggested
that an α-helical structure is maintained for a wide range of mismatch
[23,33,34]), undergo oligomerization, or even do not partition into the
bilayer at all [33,35–38]. Attenuated total reﬂectance-Fourier transform
infrared (ATR-FTIR) experiments reveal mismatch-induced tilting
of Trp-ﬂanked peptides that are embedded in thin bilayers [33,39], as
conﬁrmed by NMR measurements of 15N-labeled peptides [35] and 2H
NMR studies of peptides with deuterated alanine side chains [40].
However, the angles inferred from these methods are smaller (~5°)
[33,41,42] than that observed in multiple simulation studies (~32°)
[42–44]. Experiments performed on WALPs using geometric analysis
of labeled alanines (GALA) also indicated relatively small tilting angles
[45,46]. These small angles come from a neglect of peptide degrees of
freedom in the analysis of NMR observables [47–49]. To remedy this,
complementary anisotropic constraints have been introduced when
analyzing the dynamics of peptide motion, making use of triple-
isotope-labeled WALP23 (2H, 13C and 15N), to ﬁnd tilt angles that are
larger and nearer to simulations (~21°) [48]. The difﬁculty in incorpo-
rating the full extent of protein ﬂuctuations when interpreting experi-
mental data highlights the role fully-atomistic simulations can play in
studying the structural responses to mismatch phenomena.
Using all-atom MD simulations, we investigate 25 membrane pro-
tein model systems, employing models of classical WALPs and
WALP-like peptides of varying hydrophobic lengths to examine the
structural changes brought about by hydrophobic mismatch.
Prompted by the gA structure, which has four Trp residues at the in-
terfacial ends of each monomer, we have varied the number of Trp
residues from 1 to 4, to observe the effects on mismatch response
(with a more detailed examination of Trp–lipid interactions in the ac-
companying study [32]). The structural adaptations and underlying
energetics of mismatch response will be studied here to better under-
stand the role of hydrophobic mismatch in membrane protein struc-
ture and stability, with implications for the activities of all integral
and peripheral membrane proteins and membrane-active peptides.
2. Computational methods
2.1. Model systems
We have investigated a series of WALP and WALP-like peptides
embedded in dipalmitoylphosphatidylcholine (DPPC) bilayers, cho-
sen as it is the best characterized model membrane in MD simulationsand a reasonable model for a biological membrane [50–54]. We ac-
knowledge, however, that biological membranes may contain hun-
dreds of lipid species and exhibit a range of topologies, mechanical
properties, chemistries and heterogeneities [55,56]. Lipids of varying
chemistry can lead to speciﬁc lipid–protein interactions that can
determine hydrophobic mismatch response (e.g. phosphatidyletha-
nolamine (PE) may exhibit stronger cation–π interactions with
Trp-ﬂanked peptides [56], discussed further in the accompanying
study). However, in this study we investigate homogeneous DPPC
bilayers as an illustration of the different peptide and membrane de-
grees of freedom responsible for mismatch phenomena, leaving in-
vestigation of the subtleties of compositional dependence for future
studies.
The 25 independent model systems were built using previous
membrane building methods [47,57,58], and include 20 smaller 48
DPPC lipid patches and ﬁve larger 96-lipid membrane patches. Each
bilayer was hydrated with ~44 waters/lipid, with the total number
of atoms being ~13,000 for the small bilayers and ~25,000 for
the large bilayers. The WALP-like peptides span a wide range of
hydrophobic lengths from 10.5 to 31.5 Å and have one of the two
general sequences: acetyl-G(W)n-(LA)m-L-(W)n-A-amide, referred
to as (LA)mL(Wn)2, or acetyl-G(W)n-(LA)m-(W)n-A-amide, referred
to as (LA)m(Wn)2, depending on whether they have an even or odd
number of residues in the hydrophobic L–A stretch. Those that have
two ﬂanking Trp residues (n=2) are the classical WALPs of Killian
and co-workers [24], which we have simulated in large membrane
patches for comparison and validation of our models. The peptide
sequences are summarized in Table 1 where the approximate hydro-
phobic lengths have been calculated from the length of the inner L–A
stretch assuming an ideal α-helical pitch of 1.5 Å/residue [59]. This
choice of hydrophobic length measure is based on previous experi-
mental observations that mismatch effects appear to correlate with
the length of the hydrophobic stretch between ﬂanking side chains,
and not on the total peptide length itself [19,60]. Based on this, the
(LA)8L series of peptides would provide the closest match to a DPPC
bilayer, whose hydrophobic thickness is 26.5 Å [19], but will be ex-
plored below. The sample shown in Fig. 1a is that of a negatively
mismatched peptide, (LA)5(W1)2.
Hexagonal periodic boundary conditions were imposed, with the
simulation box having a variable height of ~75 Å and xy-translation
lengths of 44–45 Å. The latter dimension was based on a 64-Å2
area/lipid ratio [61] and peptide cross-sectional areas ranging from 170
to 220 Å2, calculated by probing the surface with a methylene-sized
sphere. For each system, 50 ns of simulationwas carried out for analysis,
following an initial 6 ns of equilibration, representing a total of 1.4 μs
simulation time.
For each of the ﬁve hydrophobic lengths studied, the number of
Trp residues at each end of the helix varied from one to four. This pro-
duces an asymmetry in the arrangement of the Trp side chains around
the helix (Fig. 1b) that will inﬂuence how the peptide resides in the
membrane. The Trp side chains were initially built in a rotamer in
which the indole N\H bond was directed toward the lipid–water
interface, assuming that the hydrogen (H)-bonding between the
N\H moiety and the lipid carbonyls is an important interaction
[56,62]. The chosen orientation was among the possible rotamers of
a Trp side chain within a poly-Leu-Ala α-helix (Fig. S1, speciﬁcally
rotamers 1 and 3, for the top and bottom Trp side chains, respectively)
and among those indicated by Dunbrack and Karplus [63]. However, as
will be seen below, other allowed rotamers were visited during the
simulations.
2.2. Molecular dynamics
The CHemistry at HARvard Macromolecular Mechanics (CHARMM)
program [64] was used for this study, employing the PARAM27 force
ﬁeld [65–67]. Waters were modeled using the TIP3P model [68] and
Table 1
Simulation systems. The peptides are named for the number of Leu-Ala pairs in the hydrophobic stretch (with an extra Leu for (LA)3L, (LA)6L, (LA)8L and (LA)10L) and W refers to
the number of ﬂanking Trp residues at each end of the hydrophobic stretch. The hydrophobic stretch length was calculated using the distance of 1.5 Å between consecutive residues
in an α-helix. Ac and Am refer to the acetyl and amide groups respectively.
Peptide
(LAmFn)
Total num of res No. of Trp res No. of Leu-Ala res Length of hydro-phobic stretch (Å) Sequence No. of atoms
A. 48-Lipid systems
(LA)3L(W1)2 11 1 7 10.5 Ac-G(W)1-(LA)3L-(W)1A-Am 12,645
(LA)3L(W2)2 (WALP13) 13 2 7 10.5 Ac-G(W)2-(LA)3L-(W)2A-Am 12,822
(LA)3L(W3)2 15 3 7 10.5 Ac-G(W)3-(LA)3L-(W)3A-Am 12,933
(LA)3L(W4)2 17 4 7 10.5 Ac-G(W)4-(LA)3L-(W)4A-Am 12,957
(LA)5(W1)2 14 1 10 15.0 Ac-G(W)1-(LA)5-(W)1A-Am 12,672
(LA)5(W2)2 (WALP16) 16 2 10 15.0 Ac-G(W)2-(LA)5-(W)2A-Am 12,810
(LA)5(W3)2 18 3 10 15.0 Ac-G(W)3-(LA)5-(W)3A-Am 12,936
(LA)5(W4)2 20 4 10 15.0 Ac-G(W)4-(LA)5-(W)4A-Am 12,990
(LA)6L(W1)2 17 1 13 19.5 Ac-G(W)1-(LA)6L-(W)1A-Am 12,738
(LA)6L(W2)2 (WALP19) 19 2 13 19.5 Ac-G(W)2-(LA)6L-(W)2A-Am 12,885
(LA)6L(W3)2 21 3 13 19.5 Ac-G(W)3-(LA)6L-(W)3A-Am 13,305
(LA)6L(W4)2 23 4 13 19.5 Ac-G(W)4-(LA)6L-(W)4A-Am 13,029
(LA)8L(W1)2 21 1 17 25.5 Ac-G(W)1-(LA)8L-(W)1A-Am 12,820
(LA)8L(W2)2 (WALP23) 23 2 17 25.5 Ac-G(W)2-(LA)8L-(W)2A-Am 12,982
(LA)8L(W3)2 25 3 17 25.5 Ac-G(W)3-(LA)8L-(W)3A-Am 13,105
(LA)8L(W4)2 27 4 17 25.5 Ac-G(W)4-(LA)8L-(W)4A-Am 13,171
(LA)10L(W1)2 25 1 21 31.5 Ac-G(W)1-(LA)10L-(W)1A-Am 12,884
(LA)10L(W2)2 (WALP27) 27 2 21 31.5 Ac-G(W)2-(LA)10L-(W)2A-Am 13,040
(LA)10L(W3)2 29 3 21 31.5 Ac-G(W)3-(LA)10L-(W)3A-Am 13,169
(LA)10L(W4)2 31 4 21 31.5 Ac-G(W)4-(LA)10L-(W)4A-Am 13,184
B. 96-Lipid systems
(LA)3L(W4)2 (WALP13) 13 2 7 10.5 Ac-G(W)2-(LA)3L-(W)2A-Am 24,801
(LA)5(W4)2 (WALP16) 16 2 10 15.0 Ac-G(W)2-(LA)5-(W)2A-Am 24,825
(LA)6L(W4)2 (WALP19) 19 2 13 19.5 Ac-G(W)2-(LA)6L-(W)2A-Am 24,846
(LA)8L(W4)2 (WALP23) 23 2 17 25.5 Ac-G(W)2-(LA)8L-(W)2A-Am 24,880
(LA)10L(W4)2 (WALP27) 27 2 21 31.5 Ac-G(W)2-(LA)10L-(W)2A-Am 25,010
Fig. 1. a) A snapshot of (LA)5(W1)2 in a DPPC bilayer. The backbone is shown as a green
ribbon, the side chains and lipid acyl chains are in graywireframe and the lipid phosphorus
(orange) andwaters (red—oxygen andwhite—hydrogen) aredisplayed as balls. b) Relative
positions of the top and bottom Trp residues (displayed as ball and stick, with the top Trp
residues colored yellow and bottom Trp residues orange).
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The particle-mesh Ewald (PME) method was used to calculate electro-
statics [70] and bonds to H atoms maintained with the SHAKE algo-
rithm [69]. The cutoff for constructing non-bonded pair lists was 16 Å
and the real-space cutoff for Lennard–Jones was 10 Å. Simulations
were performed under a constant normal pressure (1.0 atm), with
ﬁxed lateral area, and elevated temperature (330 K) to ensure that
the lipid bilayer exists in its ﬂuid phase, even for highly perturbed
bilayers. Pressure and temperature were maintained with the Langevin
piston [71] and Nose–Hoover methods [72,73], respectively.
2.3. Structural analysis
The response of the TM peptide to mismatch was studied in terms
of all possible deviations in peptide α-helical structure and orienta-
tion in the lipid bilayer. The helix tilt, deﬁned as the angle the helix
forms with the membrane normal, was obtained from the normalized
vector deﬁning the axis of a cylindrical surface that best ﬁts the points
deﬁned by the α-carbons of the peptide backbone [74]. The helix
bend was determined by calculating the angle between two vectors,
each deﬁned as running from the center of the peptide to each end
of the hydrophobic stretch deﬁned by the (LA)mL sequence. Helix
stretching/compression was calculated on a per helix turn basis by
examining main-chain heavy atoms of the relevant H-bonding
groups. In particular, we chose the average distance between carbonyl
carbon of residue i and the nitrogen of residue i+4. We also explored
changes in side chain dihedral angles, χ1 and χ2, that deﬁne the ori-
entation of the Trp indole group. The dihedral angle χ1 is deﬁned
by the atoms (starting from the backbone) N–Cα–Cβ–Cγ while χ2 is
deﬁned by the Cα–Cβ–Cγ–Cδ1 (δ carbon nearer to the indole nitrogen)
atoms.
We have studied changes in the lipid bilayer structure and order
to reveal its response to mismatch. The hydrophobic membrane
thickness was measured as the average distance between the car-
bonyl carbons of the acyl chains of each bilayer leaﬂet, either for the
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peptide center of mass (COM). The inner shell of lipids was deﬁned
to be the average number of lipids within the ﬁrst minimum of the ra-
dial distribution function for lipid carbonyl oxygen atoms around the
indole ring. This radius of the minimum was determined to range
from 10 to 11 Å for all systems and the number of ﬁrst shell lipids
was ~6, based on all simulations. The thickness of the bilayer adjacent
to the peptide was deﬁned as the distance between the average
z-positions of the inner shell of lipids in the upper and lower leaﬂets.
The local membrane deﬂection, as opposed to an overall change in the
bilayer thickness (which will vary depending on the peptide mole
fraction), was calculated as the difference between the inner and
outer (all remaining lipids) shells. A negative value indicates that
the inner-shell thickness is less than the outer-shell thickness. Lipid
chain tilting was calculated from the angle the vector connecting
from the ﬁrst and terminal C atommakes with the membrane normal
(reported as the average of the two acyl chains), while lipid length (in
the direction of the membrane normal) was obtained from the pro-
jections onto the z-axis of the distance vectors connecting each car-
bon in the acyl chain (averaged over all distances in the chains).
The lipid order parameters correspond to the deuterium order pa-
rameter, SCD ¼ 32 cos2θ− 12
 
, where θ is the angle between the C\H
bond vector and the bilayer normal and the brackets signify that
each SCD for a particular carbon is an average over all lipids. All calcu-
lated observables were reported with uncertainties presented as one
standard error of the means, based on 12 samples taken from each
50 ns trajectory following equilibration.
2.4. Potential of mean force calculations
Unbiased histograms, ρ(x), of different membrane and peptide
responses to hydrophobic mismatch (where x may correspond to
helix tilting, θ, bending, ϕ, stretching, l, or local membrane thickness,
D) were used to compute the thermodynamic reversible work, or the
potential of mean force (PMF), W, via W(x)=−kBT ln ρ(x)+C,
where kB is Boltzmann's constant, T is the temperature and C is a con-
stant. After computing these PMFs, force constants, Kx, controlling
helix tilt, helix bend, helix stretching and membrane thickness were
obtained for each response by ﬁtting parabolic functions near the
minima (at ~1 kcal/mol around the minimum) of each PMF. To pro-
vide a direct comparison, the restoring force constants for each pep-
tide mismatch response (Kθ, Kϕ and Kl for helix tilting, bending and
stretching, respectively) were all converted to force constants corre-
sponding to changes in the membrane thickness: i.e. z-axis projec-
tions giving rise to the mismatch adaptations. Such a comparison
allows for a comparison of the stiffness of each degree of freedom
that may respond to mismatch. The effective “mismatch” stiffness,
Kxz , for each peptide response was calculated from the force constants
using the following formulae (see Fig. S2 and associated text):
Kθz ¼
180
π
 2Kθ
n2l2 sin2θ sin2 ϕ2
ð1Þ
Kϕz ¼
4 180π
 2Kϕ
n2l2 cos2θ cos2 ϕ2
ð2Þ
Klz ¼
Kl
n2 cos2θ sin2 ϕ2
ð3Þ
where Eqs. (1)–(3) give the contribution of the helix tilt, bend and
stretching to the mismatch stiffness, respectively, where the addi-
tional factor of 180π
 2appears due to the use of units of degrees for
the calculations of KθandKϕ.3. Results and discussion
3.1. Peptide responses to mismatch
Here we examine how individual protein TM segments can relieve
hydrophobic mismatch by tilting, bending, compression/stretching,
side chain isomerizations or secondary structural changes.3.1.1. Helix tilting
Based on simple geometric arguments, the TM region of each pep-
tide is expected to tilt increasingly away from the normal as it gets
more positively mismatched, so that the projection of the hydropho-
bic length onto the membrane normal would approximately match
the membrane hydrophobic thickness. The inﬂuence of the peptide
hydrophobic length on tilting is clearly seen in Fig. 2a, for all peptide
models, occurring predominantly for positively mismatched peptides
(length exceeding 26.5 Å), and reaching 30–45° for the most positive-
ly mismatched peptides (m=10 in Table 1). These tilts correspond to
a change in the projected length of the peptide, parallel to the normal
of the membrane, by up to 5 Å, and thus represent a signiﬁcant
response to mismatch. Shorter peptides are also expected to tilt due
to a signiﬁcant entropic force (the Jacobian term in the free energy,
−kBT ln sinθ, diverging as θ tends to zero), with average tilts of
~12° seen in Fig. 2a, and observed previously for WALPs [75] and
for a negatively mismatched gA β-helical peptide [47,75].
With an ideal hydrophobic length of 25.5 Å, based entirely on the
number of hydrophobic Leu and Ala residues only, the (LA)8 series
should be the most closely matched peptide to the DPPC bilayer.
However, the (LA)8L series show a marked change from the
entropy-induced tilts of the (LA)3L to (LA)6L series, with an increase
in tilt that is dependent on the number of Trp side chains. This depen-
dence arises from the different interactions with the lipids, as well as
due to the fact that Trp side chains also contribute to the hydropho-
bicity of the peptide. In the accompanying study [32], we show that
Trp side chains partly reside in the membrane core, but within
reach of the glycerol backbone of the lipids. Further evidence of this
Trp hydrophobicity comes from the gA dimer, which is estimated to
have a hydrophobic thickness of ~22 Å (based on the bilayer thick-
ness allowed for gA dimer formation [76]), but which can only be
calculated by including all 15 residues (including Trps) per monomer
and a β-helical pitch of 6.3 residues or 4.7 Å per turn [47]. One may
thus be tempted to add 1.5 Å/Trp to the length of each α-helical pep-
tide, yet we have seen that the effect is not so systematic owing to the
arrangement of Trps and their interactions with the bilayer interface.
We do, however, consider the (LA)8 series of peptides to be slightly
positively mismatched, with increased mismatch as more Trp side
chains are added, as is evident in Fig. 2a.
It is in this regime of long peptides that details, such as the num-
ber and position of the ﬂanking Trps, modulate the peptide response
to mismatch, as seen in Fig. 2a. As more Trps are added, one might an-
ticipate a greater pull of the ends of the helix toward the membrane
interface. However, those Trps are spread along the length of the
helix by as much as 6 Å and could add to the hydrophobic mismatch.
For example, based on geometry alone, the 31.5 Å (LA)10L hydropho-
bic stretch should tilt by ~33°, but is considerably more tilted when
more than one Trp is added (Fig. 2a). Also, the distribution of the
Trps around the helix changes as more Trps are added, with ﬂank
n=3 being the most axially symmetric (see Fig. 1b) leading it to ex-
hibit the least tilt, while peptides with n=1, 2 and 4 Trps are more
asymmetric, and induced extra tilt. Overall, the presence of 4 ﬂanking
Trps was found to induce the greatest tilts for positively mismatched
peptides. Fig. 2a also compares peptide tilting for the classical WALP
peptides (n=2) in small (open squares) and large (ﬁlled squares)
membrane patches. It is clear that the results are not signiﬁcantly
affected by the size of the membrane patch.
Fig. 2. Peptide responses to mismatch as a function of hydrophobic length showing
average (a) helix tilting, (b) helix bending and (c) per turn helix stretching. The labels
refer to the number of ﬂanking Trp residues. (W1)2 (circle, solid line) denotes the pep-
tides with one ﬂanking Trp at each end of the hydrophobic stretch. (W2)2 surrounded
by a small bilayer patch is shown as open squares, dashed line; (W2)2 surrounded by a
large bilayer patch is shown as ﬁlled squares, dotted line; (W2)2 is shown as triangles,
dashed-dot line and (W4)2 is shown as diamonds, short dashed line. The gramicidin
(black circle) hydrophobic length is taken from Huang [76].
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exhibit large tilts as a response to mismatch. As a comparison, our
results show larger tilt angles: 15° for (LA)6L(W2)2 (compared to ~4°
for WALP19 in DOPC [46]), 25° for (LA)8L(W2)2 (compared to ~4.5°
for WALP23 in DOPC [45]) and ~30° (estimated between (LA)8L
and (LA)10L from Fig. 2a) compared to 5.2° for WALP23 in DMPC [77].
However, our results show general agreement with results based on
previous short membrane simulations, with tilt values in the range of
31–41° for positively matched peptides (e.g. WLP23 or WALP23)
[42,44,78]. The consistently low angles obtained from earlier solid
state NMR studies have since been remedied to better include protein
ﬂuctuations (e.g. 21° tilt forWALP23 in DMPC [48]). However, the chal-
lenge remains to accurately incorporate all degrees of freedom when
modeling ﬂuctuations that impact on structural determination from
solid state NMR order parameters.3.1.2. Helix bending
It has been shown through NMR studies and MD simulations that
the TM segments of some proteins can, aside from tilting, also bend to
attempt to overcome hydrophobic mismatch [79–81]. The ability ofTM helices to bend may therefore be a general phenomenon, al-
though it is often associated with the presence of glycine residues
[82,83]. Here we do not vary the sequence and calculate bending of
our WALP variants only.
It is expected that the longer the peptide gets, the bending could
increase to compensate for the increased mismatch. However, we
do not expect this degree of freedom to contribute as much as tilting,
simply because of the stiffness of the α-helix. The inﬂuence of hydro-
phobic length on helix bending is shown in Fig. 2b, where it is seen
that the peptide increasingly bends from an angle of approximately
~176° to 173° (where 180° is straight) from negative to positive
mismatch. These changes in helix bend are approximately linear,
but are small, corresponding only to at most ~−0.1 Å change in the
effective length of the helix for the longest peptides, and thus repre-
sent a far less signiﬁcant response to mismatch than does tilting.
There is also little dependence of the bending on the number of
Trps, which remains within the error bars.
3.1.3. Helix stretching/compression
Depending on the hydrophobic mismatch, the peptide can be
stretched or compressed (Fig. 2c). When compared to the case of an
approximately matched peptide (25.5 Å), positively mismatched
peptides show very little change in length, with the changes compa-
rable to the errors. However, for negative mismatch there is a small
but systematic stretching, being of the order of 0.05 Å for a single
helix turn, which, for the whole helix, is comparable to the effect of
bending in the last section. There is some variation in the response
due to the number of Trp side chains, even for the case of a matched
peptide, though this may be within the noise. These calculations sug-
gest that helix stretching, like helix bending, is not a signiﬁcant con-
tributor to hydrophobic mismatch response.
3.1.4. Other peptide responses to mismatch
The peptides used in this study stayed α-helical throughout the
course of the simulation as measured by the φ,ψ dihedral angles of
the backbone (representative data for the W1 series of peptides
shown in Fig. S3). There is fraying at the ends of the peptide exposed
to an aqueous solution, especially for the N-terminus of the long
(LA)10 peptide, however for the hydrophobic stretch and the ﬂanking
residues, the average dihedral angle values stayed within the range
for an α-helical structure [84]. Taking into account the stiffness of
the Ala–Leu α-helix within the membrane core, illustrated by the
minimal helix bending and stretching in response to mismatch, this
result is expected.
Within the timescale of the simulation, no peptide moved out of
the membrane. However, the shorter peptides do bob up and down
by up to 4 Å, as shown by the time series for the (LA)3L systems in
Fig. S4a–d. It should be noted that the average of this bobbing motion
is not centered on the middle of the membrane because the shorter
peptides would better latch onto one of the bilayer interfaces. This
observation points to the important role that ﬂanking Trp residues
play as an anchor for the embedded peptide, especially for the highly
negatively mismatched peptides. For the longer peptides ((LA)8L and
(LA)10L) it can be observed that the COM also tends to move away
from the center, which is likely attributed to the effect of tilting of a
peptide with asymmetrical distribution of ﬂanking Trp side chains.
In this study, there are a total of 100 different Trp residues within
the different peptides. As an illustration of the distribution of
rotameric states, we show 24 of these in Fig. S5, by choosing three pep-
tides with the most ﬂanking Trps (n=4) and which are negatively
mismatched, closely matched or positively mismatched ((LA)3L(W4)2,
(LA)8L(W4)2 and (LA)10L(W4)2) with the bilayer. The dihedral angles,
χ1 and χ2, deﬁning the orientation of the Trp side chain, change contin-
ually during the course of the simulation (Fig. S5), suggesting highly
dynamic Trp side chains that are sampled during the MD simulations.
Due to the directionality of the α-helix and the steric hindrance
Fig. 3. Average membrane thickness (a, b), and membrane deﬂection (c) vs peptide
hydrophobic length. Thicknesses are measured as the distance between the carbonyl car-
bons of the two bilayer leaﬂets. (a) shows the average thickness using all of the lipids
while (b) shows the thickness of the inner shell of lipids (within the ﬁrst minimum in
the radial distribution function around the peptide). The membrane deﬂection is the dif-
ference between the inner-shell thickness and the thickness of the outer shells.
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certain rotamers [62]. We have generated an energy map as function
of the side chain dihedral angles of a Trp attached to a WALP-like
helix in vacuum (Fig. S1) as a guide to the accessible rotamers. The cal-
culation yielded six possible rotamers, consistent with those suggested
by Dunbrack et al. [63]. Considering all of the WALP systems, the Trps
were able to transition between four of the six rotamers during the
course of the simulation. It is noticeable in Fig. S5 that the rotamers of
the N-terminal Trps (Trp2 to Trp5) are different from those of the
C-terminal ones. In all cases, the Trps reside in rotamer basins that rep-
resent outward-directed indole N\H bonds, presumably owing to the
depth of the side chains in the membrane and the strong H-bonding
with lipid glycerol and head group moieties (see accompanying study
[32]). However, each isomerization represents a change in the indole
dipole orientation that will impact on the helix tilt and membrane
perturbations. This connection between Trp isomerization and mis-
match response is illustratedwell in Fig. S6 for the (LA)6L(W2)2 peptide.
Here, Trp2 is experiencing repeated isomerizations, until the helix
changes its tilt angle, after which the alternate rotamer of Trp2 becomes
stabilized.
3.2. Membrane responses to mismatch
3.2.1. Local bilayer thickness changes
The prominent effect of mismatch on the surrounding bilayer is
the thinning or thickening of the membrane around the peptide.
The thickness of the membrane exhibits small, but systematic re-
sponses to hydrophobic mismatch (Fig. 3a). The effects are only of
the order of 1 Å, because they are average measures over the entire
bilayer. 2H NMR [28,85] studies have revealed a small systematic
bilayer thickness response to mismatch, by only up to 1.8 Å, while
X-ray diffraction [29] studies have shown no signiﬁcant effect of
WALPs on the membrane thickness. However, we show here that
measures of thickness changes from the entire bilayer can drastically
underestimate the extent of membrane perturbation. We ﬁrst show
evidence of substantial short-ranged membrane perturbations around
the peptides, and then return to quantify these changes in inner shell
lipids in Fig. 3b and c.
The localized bilayer deformation is illustrated in the 2-dimensional
density distributions in Fig. 4, which show the distributions of carbonyl
carbons around the peptide for all hydrophobic lengths, ﬂanked by
either 1 or 4 Trp side chains, for illustration. These distribution plots
reveal the degree by which the inner shell of the bilayer is affected by
hydrophobic mismatch while the outer shell thickness remains rela-
tively unchanged. In this ﬁgure we can see a pinching in of the lipid
interface/glycerol backbone around the peptide for a negative mis-
match, a fairly unperturbed bilayer for the matching peptide (LA)8L se-
ries, and a bending outward for the positivelymismatched peptides.We
also notice, remarkably, that the membrane perturbations are greater
for 1 ﬂanking Trp than those for 4 ﬂanking Trps (discussed below). In
fact, with four Trp side chains at each end, the membrane deﬂection
is almost nonexistent for even relatively short peptides, such as
(LA)6L, highlighting the signiﬁcant role of the ﬂanking residues.
The effect of mismatch is far more pronounced in the inner shell
of lipids (Fig. 3b). We also note that the changes in thickness are
greater for the negatively mismatched peptides than the positively
mismatched peptides, which we attribute to the greater role helix
tilting plays for long peptides. The effect of the number of ﬂanking
Trps is most pronounced for negative mismatch, and surprisingly,
the membrane thinning is greatest for the single-ﬂanked peptide
(membrane thinning in the order of 1>2>3>4 Trp side chains).
We attribute this to the greater interfacial spreading associated
with multiple Trp side chains, as evidenced by the distributions in
Fig. 5a.
To get a clearer picture of how much a mismatched peptide can
thin or thicken the bilayer, we used a measure called the “membranedeﬂection”, which is the inner shell thickness relative to the average
thickness of the outer lipids, plotted in Fig. 3c. As expected, mem-
brane deﬂection increases systematically with increasing hydro-
phobic mismatch. The magnitude of the deﬂection is far more
substantial for negatively mismatched peptides. The shortest peptide,
(LA)3L(W1)2, can locally thin the bilayer by nearly 7 Å. For matched
or positively matched peptides there is only a minor deﬂection due
to the ease of tilting in response to mismatch. We observe greater
deﬂections for fewer ﬂanking side chains, which is mostly evident
for negative mismatch, but is unresolved for positive mismatch
where deﬂections are smaller.
The degree by which gA can deform the bilayer is greater than
WALPs of comparable hydrophobic length (see ● in Fig. 3c; acknowl-
edging some uncertainty in the comparable hydrophobic length of
this peptide and using the value by Huang [76]), consistent with
observations from X-ray diffraction measurements [29]. This effect
of gA may be inﬂuenced by the wider β-helical structure. The fact
that WALPs are α-helices, with a greater pitch (5.4 Å [59]) than the
gramicidin β-helix (4.7 Å [86]), means that adding additional Trp res-
idues on the α-helix has the effect of also spreading out the anchors
that interact with the bilayer interface. This spreading in the carbonyl
carbon distribution around the α-helical peptide is illustrated well in
Fig. 5a.
Fig. 4. The distribution of lipid carbonyl atoms around the peptide for the (W1)2 (left panels) and (W4)2 (right panels) series of peptides. The ﬁgures on the right side of each dis-
tribution plot show snapshots of these peptides where the yellow balls are the phosphorus atoms in the lipid headgroup. The distribution is represented by the following colors:
0.2, 0.4, 0.6, and 0.8. (W2)2 and (W3)2 are not shown.
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To illustrate the range of the bilayer perturbation, the average
membrane thickness was plotted as a function of distance from the
peptide. Single exponential functions of the form f(r)=A exp(r/R)
were ﬁtted to these plots, with R being the persistence lengths for
each perturbation. Fig. 5b shows a plot of persistence lengths of the
thinning or thickening effect of the embedded peptide, ranging from
5 to 15 Å. Though the graph is not monotonic, shorter peptides
have a longer-ranged effect on the bilayer compared to the longer
peptides. This can be explained by noting that the longer peptides
are able to tilt more and thus, do not have to change the bilayer thick-
ness as much to accommodate the mismatch, as suggested previously
[30]. Moreover, for longer/better matched peptides, the perturbations
are so weak that calculation of a persistence length was difﬁcult, (and
results for (LA)8L(W3)2 were excluded), also weakened by multiple
Trps (e.g. Fig. 4, for 4 Trps). Despite the noise for the longest peptides,Fig. 5b suggests that for the (LA)10 series, the persistence length in-
creases with additional Trps, but with (LA)10L(W3)2 having a greater
persistence length than (LA)10L(W4)2, which is likely due to the Trp
arrangement for n=3 being most symmetric (Fig. 1b).3.2.3. Lipid structure and order
Thickness changes are necessarily accompanied by an increase or
decrease in the disorder of the lipid acyl chains. For systems with pep-
tides with one ﬂanking Trp, the lipid order parameters for the
inner-shell lipids decrease as the peptide becomes more negatively
mismatched (Fig. 6a). Comparison of parameters for the inner- and
outer-shell lipids (Fig. S7) reveals that (LA)3L peptides induce the
most disorder. As the peptide gets longer, the order parameters in
the inner-shell approach that of the outer-shell. The number of
ﬂanking Trps has a signiﬁcant effect on the lipid order parameters.
Fig. 6. (a) Inner-shell lipid order parameters for systems with one ﬂanking Trp. Aver-
age differences between the average acyl chain length (b) and average acyl chain tilt
(c) of the inner- and outer-shell lipids. Part b shows the difference in length (linner− louter)
and part c shows the difference in tilt (θinner−θouter).
Fig. 5. (a) Distribution of lipid carbonyls around the (LA)8L series of peptides with 1–4
Trp side chains. Note the difference in the thickness of the interfaces surrounding a
helix with one and four ﬂanking Trp residues. (b) shows the persistence length of
the perturbation, obtained from a single exponential ﬁt to a plot of average membrane
thickness as a function of radial distance from the peptide.
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or tilted due to the perturbation created by the peptide. Fig. 6b–c
shows the average (per bond) lipid length (parallel to the membrane
normal) and tilt of the inner-shell lipids, relative to the outer-shell
lipids. As expected, the lipid length adjacent to the peptide decreases
with the hydrophobic length of the peptide. At the same time, the av-
erage tilt of the lipid tails increases as the mismatch becomes more
negative. The effects are small, but systematic, and are more promi-
nent for negative mismatch. It should also be noted that even for
the longer, more tilted peptides, inner-shell lipids remain tilted as
they solvate the peptide. The role of the number of Trp side chains
is small for both lipid length and tilt.
3.3. Understanding responses to mismatch with free energy calculations
PMFs for the tilting, bending and stretching of the helix as well as
the thinning/thickening of the bilayer are shown in Fig. 7, for selected
negatively and positively mismatched peptides (with the complete
set shown in Figs. S8 and S10–S12). From the PMFs for helix tilting(Figs. 7a, S8), the shifting minima reveal increased tilt with peptide
length. The PMF for tilting of the (LA)8L(W2)2 peptide is consistent
with a previous calculation for that peptide [78]. Furthermore, it can
be observed that for the longer peptides the free energy wells are
broader, indicating a greater ease for tilting. Some of the PMF plots
show more than one minimum and this arises from the different
angles that these peptides visited (Fig. S9), which is seemingly asso-
ciated with different Trp side chain rotamers (see Fig. S6). Once
again, this emphasizes how dynamic the tilting phenomenon is for
these TM peptides, the challenge in sampling (even in multiple
50 ns simulations), and has signiﬁcant implications for analysis of
NMR order parameters to deduce tilt angles.
For the case of helix bending (Figs. 7b, S10), the curvature around
theminimum in the PMF becomes less as the peptide gets longer, dem-
onstrating that there exists a greater range of accessible bending angles
with longer peptide lengths (longer peptides are more susceptible to
bending). However, these curves are closely clustered around a smaller
range of angles (~173–176°) telling us, that bending, as a mismatch re-
sponse, is not as easily explored by the peptides as tilting. Theminimaof
the helix stretching PMFs are also clustered around a very small range of
lengths (Figs. 7c, S11). However, this set of PMF plots refers to the work
Fig. 7. Selected plots of PMFs of a) helix tilting, b) helix bending, c) per-turnhelix stretching/
compression and d) membrane deﬂection for (LA)3L(W1)2 (solid line), (LA)8L(W1)2 (long
dashed line), (LA)3L(W4)2 (dotted line) and (LA)8L(W4)2 (dashed-dotted line). The full set
of results for all peptides is shown in Fig. S10.
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cult to stretch a single turn of a short peptide than a single turn of a lon-
ger peptide, it is expected that these plots should exhibit similarcurvatures. The small reduction in the curvature of the PMFs as one
goes from a positively to a negatively mismatched peptide (observed
most systematically in Fig. S11) can be explained by the fact that as
the peptide gets stretched, the H-bonds holding the helix together are
slightly weakened, revealing anharmonicity in the helix stretching
response. Finally, the PMFs for membrane deﬂection (Fig. 7d, S12) ex-
hibit similar curvatures among the peptides, yet, there is a discernible
reduction for the longest compared to the shortest peptide, telling us
that the membrane restoring force is slightly increased for larger mem-
brane interfacial deﬂections, again revealing some anharmonicity.
Plots summarizing the force constants obtained from the ﬁtting of
parabolas to the global minima of these PMFs are shown in Fig. 8. The
force constants for tilting (Fig. 8a) are small and noisy, yet sensitive to
the number of Trp side chains, with slightly increased values for
extreme mismatch. Tilting is clearly a soft coordinate for mismatch
response that can be modulated by peptide features such as the num-
ber and placement of ﬂanking side chains. As anticipated, there is a
trend of increasing ease of helix bending as the peptide becomes lon-
ger (Fig. 8b), with more H-bonds in which to distribute the helix dis-
tortion. Conversely, the per-turn helix stretching (Fig. 8c) becomes
increasingly difﬁcult for longer peptides, suggesting anharmonicity
arising from the H-bond interactions within the helix. The inﬂuence
of the number of ﬂanking Trps is not discernible through the noise
for both helix bending and per-turn stretching.
To place these responses on comparable footing and relate to mem-
brane thickness mismatch, a projection of each degree of freedom onto
the membrane normal/thickness coordinate is required, i.e. how each
peptide response leads to a change in effective length to decrease the
mismatch. We refer to these converted force constants as “mismatch
stiffnesses” associated with helix tilt, bend and whole-helix stretch, as
shown in Fig. 8d–f. The corresponding force constant for membrane
thickness deﬂection itself is shown in Fig. 8g for comparison.
Membrane deﬂections (Fig. 8g) show a general trend of slight de-
crease in stiffness with increasing peptide length. The restoring force
is growing with more extensive bilayer deformation by up to a factor
of 2 (from 0.3–0.6 kcal/mol/Å2 for short peptides, down to 0.2–
0.3 kcal/mol/Å2 for long peptides). Because membrane deﬂections
are small for matched or positively mismatched peptides, the plots
become especially noisy in that range. The effect of the number of
ﬂanking Trps is not systematic, but is clearly observed and is sensitive
to the placement of Trps around the helix.
When comparing to the peptide degrees of freedom, it is clear that
helix bending is too stiff to contribute much to mismatch response,
with force constants at least 100 fold greater than other coordinates.
For short peptides experiencing negative mismatch, both helix tilting
and helix stretching have comparable (though large) restoring
force constants of the order of 4–14 kcal/mol/Å2 for tilting and
7–10 kcal/mol/Å2 for stretching, being far greater than the stiffness
for membrane thickness change in this limit (explaining why mem-
brane thickness was the dominant mismatch response for negative
mismatch). However, for matched or positively mismatched pep-
tides, the force constant associated with tilting has dropped to 0.2–
0.4 kcal/mol/Å2 (even under 0.1 kcal/mol/Å2 for a positively mis-
matched peptide with one ﬂanking Trp; see zoomed inset of Fig. 8d)
and is comparable, or even less than that for membrane deﬂection,
explaining the extensive tilting in that limit. That for helix stretching
has dropped to around 2 kcal/mol/Å2 (Fig. 8e inset) and will contrib-
ute, but to a lesser extent than tilting or membrane thickness change.
Note that the inﬂuence of the number of ﬂanking Trp residues on the
tilting stiffness is most pronounced for the negatively mismatched
peptides. In this limit, we see that one Trp prevents tilting of the
short peptide far less than multiple Trps. However, for long peptides,
which tilt easily, the effect is not obvious.
The importance of mismatching hydrophobic regions in explaining
protein stability has been recognized in several elastic models of mem-
branes (e.g. [87,88]), along with membrane curvature and inclusion
Fig. 8. Force constants for (a) helix tilting, (b) helix bending, and (c) per-turn helix stretching, with z-axis projections shown in d, e and f. Data for (LA)3L and (LA)5 have been
omitted in the inset of d and e. Force constants for membrane thickness deﬂections are compared in (g).
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shown here that helix tilt and local membrane thickness change are the
two softest degrees of freedom that dominate mismatch response for
matched or positively mismatched peptides, whereas membrane thick-
ness is by far the softest coordinate alone for negativelymismatched pep-
tides. This suggests that the elastic energy associated with mismatch of a
TM segment maybe modeled as two springs in series. If δLz is the varia-
tion in the peptide projection onto the membrane normal, and δD is the
variation in local thickness (relative to surroundings), with stiffnesses
KLz and KD (obtained from Fig. 8d and g, respectively), we have
KM ¼
1
KD
þ 1
KLz
 !−1
¼ KDKLz
KD þ KLz
ð4Þ
with energy
EM ¼
1
2
KMδM
2
; ð5Þ
where δM=δLz−δD.In the accompanying paper we will demonstrate that the position
of a Trp side chain in a membrane is almost independent of its host
helix, suggesting an important role of those side chains in determin-
ing a peptide's equilibrium orientation in a membrane. It will also
be shown that the stiffness associated with the movement of anchor-
ing Trp side chains is comparable to the tilting and membrane deﬂec-
tion degrees of freedom found here. This suggests that those
anchoring aromatic side chains play a big role in determining the
free energies of the different peptide and membrane responses, as
well as in the dependence of the responses to the number and place-
ment of the side chains.4. Conclusion
Using extensive all-atom MD simulations of an array of peptide
models, we have characterized the perturbations to membrane and
peptide structures due to hydrophobic mismatch. We have examined
the dependence of these structural responses to varying hydrophobic
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that explore beyond standard experimental models. Furthermore,
we have, for the ﬁrst time, calculated the energetic underpinnings of
these responses for a better understanding of mismatch phenomena.
The series of WALP-like peptides were seen to increase their
tilt and bend as the mismatch becomes more positive and increase
their average length as the mismatch becomes more negative. Shorter
peptides were found to have an “intrinsic” tilt of around 10–12°, driv-
en by the Jacobian term in the tilting PMF. There have been difﬁculties
in the past in reconciling the peptide tilt values coming from simula-
tions and experiments. Our results show higher peptide tilts, consis-
tent with other simulations, and with more recent solid state NMR
results [48]. These effects, in particular tilting, were found to be mod-
ulated by the number of ﬂanking Trp residues, as well as their distri-
bution around the helix. We also observed that tilting is a dynamic
phenomenon and the presence of multiple minima observed for
some systems demonstrates that tilting transitions can occur, requir-
ing long simulations for accurate statistics on the phenomenon.
Signiﬁcantly, the existence of multiple tilting free energy minima
suggests a complication for the analysis of NMR order parameters
when determining peptide orientation in bilayers.
The lipid bilayer surrounding the embedded peptide responds
to mismatch by changing its thickness, accompanied by changes in
the tilting and compression of the lipid acyl chains. These changes
are highly localized to the regions immediately adjacent to the TM
peptide segment. The membrane deﬂections consistently showed
that the membrane responds easily to mismatch, with perturbations
of up to 7 Å for extreme negative mismatch. However, the effect of
mismatch on the overall membrane thickness is small, explaining
why it may have been unresolved in experimental measurements
that are averaged over the whole membrane [28,29].
Increasing the number of anchoring Trp side chains intuitively
should enhance the membrane thickness response, as there would
be more residues able to interact with the interfacial region of the bi-
layer. Indeed, gA, with four anchoring Trp residues, has been shown
experimentally to change the bilayer thickness, while the effect is
not seen for standard doubly-ﬂanked WALP peptides. Our results
also show that gramicidin is able to decrease bilayer thickness in
the inner shell by around 4 Å. However, for the closest WALP-like an-
alogs to gramicidin, (LA)6L(W4)2 and (LA)8L(W4)2, with 4 ﬂanking
Trp side chains, the deﬂection is only around 1.4 Å. Plots showing
the distribution of lipid carbonyl carbons around the peptides illus-
trate that, for α-helices, adding more Trp anchors has the effect of
spreading out the region that interacts with the lipid head group.
The situation would not be the same for wider structures (such as a
β-helix), where the anchoring side chains are spread over a narrower
range of depths.
By computing histograms from unbiased simulations, we have
calculated the free energies associated with structural changes
resulting from a hydrophobic mismatch. Among the possible peptide
responses, only tilt can be considered a soft coordinate, comparable to
membrane thickness response in matched or positively mismatched
cases. For a negative mismatch, peptide tilt and stretching become
comparable in stiffness, but are too stiff to contribute to mismatch re-
sponse, with membrane thickness changes dominant in this limit.
Peptide bending was found to be too stiff to contribute signiﬁcantly
to mismatch response for any peptide length, owing to both the
costs of disrupting the α-helical H-bonding and the insigniﬁcant con-
tribution to changes in peptide length parallel to the membrane
normal. However, peptides with a different sequence (such as a gly-
cine hinge) may lead to more signiﬁcant contributions, worthy of fur-
ther investigation.
These studies shed light on the effect of hydrophobic length and
number of ﬂanking aromatic side chains of protein TM segments on
the responses to mismatch. When combined with our knowledge of
the strength and origins of Trp anchoring revealed in the accompanyingstudy [32], we are in a position to explain the effects on eachmismatch
perturbation in terms of the underlying energetics. These energetics
will depend on lipid composition, with hundreds of different molecu-
lar species in biological membranes acting to alter membrane topolo-
gy, hydration, mechanical properties, chemistries and heterogeneities
[55,56] that will inﬂuence each of the energetic terms computed in
these studies, and thus control peptide and proteinmobility, insertion,
folding and conformational changes in membranes (e.g. [93,94]).
Our approach therefore opens the door to a deeper understanding of
physiological and pharmacological regulation of membrane protein
function.
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